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Regulation of Expression of IL-4 Alleles:
Analysis Using a Chimeric GFP/IL-4 Gene
Particular polymorphic forms of the IL-4Ra chain (Her-
shey et al., 1997; Mitsuyasu et al., 1999) and polymor-
phisms in or linked to the IL-4 gene (Rosenwasser et
Jane Hu-Li,*k Christophe Pannetier,*k#
Liying Guo,* Max Lo¨hning,† Hua Gu,*
Cynthia Watson,* Mario Assenmacher,‡
Andreas Radbruch,† and William E. Paul*§ al., 1995; Holgate, 1999) are associated with increased
susceptibility to allergic disorders. This strongly argues*Laboratory of Immunology
National Institute of Allergy that relatively subtle variations in the level of IL-4 activity
can have a major effect on the overall degree and qualityand Infectious Diseases
National Institutes of Health of immune responses.
T cell clones from mice naturally heterozygous at theBethesda, Maryland 20892
†Deutsches Rheumaforschungszentrum IL-4 locus (Bix and Locksley, 1998) and individual T cells
from mice artificially heterozygous for IL-4 (Riviere et10117 Berlin
‡Miltenyi Biotec al., 1999) may display monoallelic IL-4 expression. This
is particularly striking since IL-4 does not appear to meet51429 Bergisch Gladbach
Germany any of the generally recognized criteria associated with
monoallelism, such as the expression of individual re-
ceptors in individual cells (e.g., immunoglobulins and T
cell receptors [Bergman, 1999], NK cell receptors [HeldSummary
et al., 1995], and odorant receptors [Chess et al., 1994]),
dosage compensation (i.e., X chromosomal genes;CD4 cells from mice heterozygous for an IL-4 and
Lyon, 1999), or the possible competition among allelesa GFP/IL-4 gene frequently express a single allele.
as seen in imprinted genes (Bartolomei and Tilghman,Analysis of IL-4 or GFP production by cells from re-
1997).cently primed Th2 cells indicates that essentially all
To study allelic regulation of IL-4 production and toare competent to transcribe either allele but have a
gain greater insight into its mechanism and its biologi-low probability of doing so. By contrast, long-term
cal significance, we used a gene-targeted mouse thatTh2 clones show distinct and heritable ratios in the
had been prepared in the Laboratory of Immunologyproportion of cells that express IL-4 or GFP. We con-
(National Institute of Allergy and Infectious Diseasesclude that in the course of Th2 priming an early effi-
[NIAID]). In these animals, the first exon and 178 nucleo-cient event renders both alleles capable of being ineffi-
tides of the first intron of the IL-4 gene had been replacedciently transcribed; a second, less frequent event
by the gene specifying enhanced green fluorescenceoccurs that renders one allele more competent, ac-
protein (GFP).counting for the differential expression of IL-4 and GFP
Here, we report that individual CD4 T cells from micein different clones.
heterozygous at the IL-4 locus (i.e., IL-4/GFP mice) fre-
quently express only a single polymorphic form of IL-4,
Introduction in confirmation of the prior work of Riviere et al. (1998).
Individual cells isolated from primed cell populations or
Interleukin-4 (IL-4) is a pleiotropic cytokine that regu- from clones purified based on their expression of GFP
lates immunoglobulin class switching to IgE and the and/or IL-4 are no more likely to produce that cytokine
development of Th2 CD41 T cells. It costimulates the on restimulation after a rest period than are cells from
expression of VCAM-1 and the production of eotaxin. the same population that failed to produce GFP or IL-4.
IL-4 and other Th2 products, IL-5 and IL-13, also directly Thus, competence for expression of a particular allele
regulate many aspects of allergic inflammation (for re- is uniform in the cells of a population or clone, and
views see Seder and Paul, 1994; Nelms et al., 1999). In this allele is expressed with a fixed probability upon
view of the potentially damaging nature of excessive restimulation of the cell. Clones of T cells may show
allergic inflammation, the production of IL-4 needs to strong allelic bias in IL-4/GFP expression, consistent
be very tightly controlled. with the initial report of Bix and Locksley (1998). The
IL-4 production is regulated at several levels, includ- pattern of relative expression of the two allelic forms at
ing the need for an appropriate cytokine milieu (LeGros the IL-4 locus was stable within clones over extended
et al., 1990; Swain et al., 1990), a requirement for an periods of time.
appropriate degree of T cell receptor stimulation (Con-
stant and Bottomly, 1997), and the participation of CD4-
Resultsand CD28-mediated (Corry et al., 1994; Brown et al.,
1997) costimulatory events in the priming of Th2 cells.
Preparation of GFP Knockin Mice
A targeting construct was prepared that contained the
§ To whom correspondence should be addressed (e-mail: wepaul@nih. eGFP gene and a loxP-flanked neomycin resistance
gov). (neo) gene. Upstream of the GFP/neo insert, the con-k These authors contributed equally to this work.
struct contained 2.0 kb found immediately 59 to the first# Present address: Unite de Biologie Moleculaire du Gene, Departe-
codon of IL-4 and, downstream of the insert, 5.5 kbment d’Immunologie, Institut Pasteur, 25, rue du Docteur Roux,
75724 Paris Cedex 15, France. found 39 to the Sma-1 site in the first intron of IL-4,
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Figure 1. Preparation and Analysis of GFP Knockin Mice
(A) Knocking in the GFP coding sequence into the IL-4 locus. A targeting vector was prepared as described in Experimental Procedures and
used to prepare the targeted gene by replacing the first exon and 178 nt of the first intron with e-GFP and loxP-flanked neoR. Homologous
recombination was demonstrated by PCR using primers c and d and by Southern analysis. The neoR gene was removed by mating to C57BL/6
mice that expressed the cre recombinase in their oocytes to yield the GFP/IL-4 chimeric gene.
(B) PCR analysis of a litter of mice derived by mating Il-4/GFP heterozygotes. PCR analysis using primers a and b and c and b (described in
Experimental Procedures) was used to distinguish the wild-type IL-4 gene (688 nt with primers a and b) from the chimeric IL-4/GFP gene
(z600 nt with primers c and b and z1600 nt with primers a and b).
followed by the thymidine kinase gene of HSV (Figure Expression of GFP Has Similar Requirements
to Those for Expression of IL-41A). The construct was transfected into 129 ES cells and
selected simultaneously for neomycin and gancyclovir To determine whether the expression of GFP in CD4 T
cells was controlled in a similar manner to the expres-resistance (Naramura et al., 1998). One hundred and
thirty-nine doubly resistant clones were screened for sion of IL-4, naive CD4 lymph node T cells from GFP/
GFP mice were purified by fluorescence-activated cellhomologous recombination of the long arm of the tar-
geting vector into the IL-4 gene, using long-range PCR sorting. Single cells were deposited in individual wells
of 96-well plates and stimulated with soluble anti-CD3amplification across the long-arm construct (data not
shown). Verification of homologous recombination of (3 mg/ml), anti-CD28 (3 mg/ml), and IL-2 and IL-6 in the
presence of T-depleted irradiated spleen cells as APC.the short arm of the clones was carried out by Southern
blot analysis using two different endonucleases. One The cells were primed under four distinct cytokine envi-
ronments: IL-4 (conventional Th2); IL-4, anti-IL-12, andclone was selected and injected into C57BL/6 blasto-
cysts. anti-IFNg (super Th2); anti-IL-4 plus IL-12 (Th1); and
anti-IL-4, anti-IL-12, and anti-IFNg (Thnull). Clones were(1293C57BL/6)F1 mice in which the targeting vector
had replaced the endogenous IL-4 gene were crossed analyzed after they were large enough to be studied
by flow cytometry for expression of green fluorescenceto C57BL/6 mice expressing the cre enzyme in their
oocytes. Offspring expressed IL-4 alleles in which GFP upon stimulation for 20 hr with immobilized anti-CD3/
anti-CD28. This generally required three rounds of prim-had replaced the first exon and 178 nt of the first intron
of the IL-4 gene; neo had been deleted. Figure 1B dis- ing, each round consisting of 4 days of exposure to the
priming conditions. Cloning efficiencies were z70%.plays a PCR analysis demonstrating the presence of
both the normal IL-4 allele and the knocked in GFP- Every clone primed under conventional or super Th2
conditions contained at least some cells that expressedcontaining allele in heterozygous mice.
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Figure 2. GFP Expression Requires Th2
Priming Conditions
Naive CD4bright, CD62Lbright, and 3G11bright
lymph node cells from GFP/GFP mice were
sorted and plated at one cell per well in 96-
well U-bottom plates. Cells were primed with
anti-CD3 (3 mg/ml), anti-CD28 (3 mg/ml), IL-6
(10 ng/ml), and IL-2 (10 U/ml) in the presence
of anti-IL-4 (10 mg/ml) and IL-12 (10 ng/ml)
for Th1 differentiation; anti-IL-4, anti-IFNg (10
mg/ml), and anti-IL-12 (10 mg/ml) for Thnull dif-
ferentiation; IL-4 (1000 U/ml) for conventional
Th2 differentiation; and IL-4, anti-IFNg, and
anti-IL-12 for super Th2 differentiation. After
three rounds of priming of 7 days each, wells
in which cell growth had occurred were se-
lected and the cells tested by challenging
with immobilized anti-CD3 and anti-CD28.
GFP expression was measured at 24 hr.
GFP upon challenge (Figure 2). Very few of the clones Experimental Procedures), and a similar percentage
were GFP1 at this time; ,1% were IL-41/GFP1. Mostprimed under Th1 or Thnull conditions contained any cells
that expressed GFP upon stimulation, and, in those few cells were negative for both IL-4 and GFP (Figure 3, top
left panel).clones that did contain GFP expressors, there were very
few positive cells, and the fluorescence intensity of Competence of a cell population to secrete IL-4 is
associated with DNase I hypersensitivity and hypometh-those was barely above the cut off between negative
and positive. ylation in the IL-4 locus (Agarwal and Rao, 1998; Bird
et al., 1998; Takemoto et al., 1998). It has been proposedIn other experiments not shown here, bulk populations
of both GFP/GFP homozygotes and IL-4/GFP heterozy- that the capacity of individual cells to become IL-4 pro-
ducers depends upon a chromatin accessibility eventgotes primed under super or conventional Th2 condi-
tions showed green fluorescence when challenged in that is inefficient so that only a relatively small number
of cells acquire IL-4-producing potential early in a Th2vitro. By contrast, populations primed under Th1 or Thnull
conditions contained few if any GFP-expressing cells. culture (Bird et al., 1998; Gett and Hodgkin, 1998). In-
deed, monoallelic expression of IL-4 could be ac-Thus, priming CD41 T cells for the expression of GFP
required the presence of IL-4, which is characteristic of counted for if stochastic opening of IL-4 chromatin was
relatively infrequent; most cells would fail to open eitherthe requirements for priming wild-type T cells to polarize
to the IL-4-producing phenotype (for review, see Seder allele, some would open one allele, others would open
the alternate allele, and rare cells would open both al-and Paul, 1994). In no case did cells from GFP/GFP
homozygous mice express IL-4, even when polarized to leles. This model could be tested in a recently primed
Th2 population by analyzing IL-4/GFP heterozygous Tthe Th2 phenotype.
cells expressing neither or either allelic product at a
given time for their potential to express these allelicThe Majority of Cells from an Early Th2 Cell
Population Display a Common products upon later antigenic challenge if subsequent
IL-4-driven differentiation events were blocked.Cytokine-Producing Potential
Purified heterozygous lymph node CD4 T cells were Cells that had been primed under super Th2 condtions
for 67 hr and that had been stimulated for 3.5 hr withstimulated under super Th2 conditions. The cells were
challenged at 67 hr with immobilized anti-CD3/anti- immobilized anti-CD3/anti-CD28 were separated into IL-
4-secreting cells and IL-4-nonsecreting cells in threeCD28. Approximately 6% of the cells were IL-41, as
determined by the affinity matrix technology, which rounds of high-gradient magnetic cell sorting (MACS).
A purity of .99% was achieved in both populations.allows detection of IL-4 production by living cells (see
Immunity
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Figure 3. Purification of Th2 Cells from GFP/IL-4 Mice that Express Neither, Either, or Both IL-4 Alleles
CD41 dense lymph node T cells from GFP/IL-4 mice were primed under super Th2 conditions for 67 hr. The cells were challenged for 3.5 hr
with immobilized anti-CD3 and anti-CD28. IL-41 and IL-42 cells were purified using the affinity matrix assay and MACS system. IL-4-purified
cells were cultured in plates coated with anti-CD3 and anti-CD28 for an additional 17 hr. Cells were harvested, stained with APC-anti-CD4,
and sorted for expression or lack of expression of GFP. Numbers represent the percentage of cells with the indicated phenotype.
After 16.5 hr of continued stimulation with anti-CD3/ greater than 99%. There were very few IL-41/GFP1 cells,
but even these were obtained at a purity of .98% (Fig-anti-CD28, GFP1 and GFP2 cells were isolated from the
IL-41 and the IL-42 populations by FACS. Purities of ure 3).
Each cell population was cultured for 11 days in thethe IL-42/GFP2, IL-41/GFP2, and IL-42/GFP1 cells were
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Figure 4. Sorted Recently Primed Th2 Cells
from GFP/IL-4 Mice Have a Similar Probabil-
ity of Expressing IL-4 Alleles
Sorted cell populations from the experiment
described in Figure 3 (experiment 1) and from
a second similar experiment (experiment 2)
were cultured in the presence of anti-IL-4 for
11 and 12 days, respectively. They were chal-
lenged with immobilized anti-CD3/anti-CD28
and IL-2. IL-4 expression was detected by
intracellular staining at 6 hr. GFP expression
in living cells was assessed at 24 hr.
presence of anti-IL-4 to prevent any further IL-4-driven were similar, we examined levels of GATA3 mRNA in
differentiation events. The cells were then challenged the two populations. CD4 T cells from lymph nodes of
with immobilized anti-CD3/anti-CD28. IL-4-producing IL-4/IL-4 C57BL/6 mice were primed in vitro under super
cells were identified by intracellular cytokine staining Th2 conditions for 5 days. They were challenged with
at 6 hr; GFP1 cells were enumerated at 24 hr. In this immobilized anti-CD3/anti-CD28 for 3.5 hr, and their IL-
experiment (Figure 4, experiment 1), the frequency of 4-producing capacity was determined by the affinity
IL-4-producing cells was 27% in cells derived from the matrix assay. IL-41 and IL-42 cells were purified by
IL-41/GFP2 population, 26% among cells derived from MACS, and mRNA was prepared from these cells. IL-4
the IL-42/GFP2 population, and 12% in those from the mRNA levels, as assessed by semiquantitative PCR,
IL-42/GFP1 population. The frequency of GFP1 cells in were 16- to 64-fold higher in the IL-41 cells than in the
each of the three stimulated populations was essentially IL-42 cells (Figure 5A). GATA3 mRNA levels, as assessed
the same (10%–12%). Among the IL-41/GFP1cells, the by real-time PCR, were the same in IL-4 producers and
frequency of the IL-41 cells upon rechallenge was 8%, nonproducers (Figure 5B). This implies that all the cells
and the frequency of GFP1 cells was 7%. Thus, the in the primed population responded similarly to TCR/
frequency of cells that would subsequently produce IL-4 IL-4 signaling in terms of the expression of GATA3, the
derived from the major IL-41 and IL-42 populations was principal inducer of competence to produce IL-4, and
the same. Similarly, the frequency of cells derived from is consistent with their similar potential to produce IL-4
the principal GFP1 and GFP2 populations that subse- upon subsequent stimulation. It supports the concept
quently produced GFP was the same. The significance that essentially all of the early Th2-primed cells have an
of the diminished IL-4 potentiality of the IL-42/GFP1 equal probability of producing IL-4.
population is uncertain. However, in other experiments
(e.g., Figure 4, experiment 2), the IL-42/GFP1 cells did
Clones from Primed IL-4/GFP Heterozygousnot have a significantly diminished capacity to subse-
T Cells Display a Wide Variationquently produce IL-4 when compared to the other major
in Relative Expression of IL-4 and GFPcell populations. With regard to the IL-4- and GFP-pro-
CD4 T cells from IL-4/GFP heterozygous mice wereducing potential of the IL-41/GFP1 cells, the relatively
primed under super Th2 conditions for two rounds andsmall numbers of these cells makes us less confident
then sorted into four populations by MACS and FACS,of these results.
as described above. Single cells from these sorts wereThus, most cells, whether they express IL-4, GFP,
deposited into individual wells of a 96-well plate andor neither, from recently primed Th2 populations have
cultured with anti-CD3/anti-CD28 in the presence of IL-2essentially the same probability of expressing a given
and IL-6. The cells were subjected to three to four roundsIL-4 allelic product upon recall stimulation, even when
of stimulation and then analyzed for IL-4 and GFP ex-they have been cultured in the presence of anti-IL-4 so
pression. Most clones expressed IL-4 and/or GFP (Fig-that no further IL-4-driven events could have occurred.
ure 6). The frequency of clones containing IL-4-produc-This indicates that in early Th2-primed cell populations
ing and GFP-producing cells in the four groups wasthe difference among cells that produce IL-4 and those
essentially the same as was the mean percent of GFP1that do not is not at the level of the potentiality to pro-
and IL-41 cells/clone. This further substantiates the con-duce these cytokines.
clusion that Th2-primed cells are equivalent in their po-
tentiality to produce IL-4 and GFP, independent ofIL-4-Producing and IL-4-Nonproducing Cells
whether they have or have not produced either or bothfrom Th2 Cultures Have Similar Levels
molecules.of GATA3 mRNA
However, there was little or no correlation between theTo more directly test the concept that those early Th2-
primed cells that produced IL-4 and those that did not frequency of IL-41 cells and of GFP1 cells in individual
Immunity
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Figure 5. GATA3 mRNA Levels Are Similar in Sorted IL-4-Producing and Nonproducing Th2 Cells
CD4 lymph node T cells from IL-4/IL-4 mice were primed under super Th2 conditions for 5 days. They were challenged with immobilized anti-
CD3/anti-CD28 and IL-2 and IL-4 expression determined at 3.5 hr by the affinity matrix assay. IL-4 producers and nonproducers were separated
by MACS. Semiquantitative PCR for IL-4 (A) and for GATA3 and actin (B) mRNA was carried out on IL-4 producers and nonproducers. Serial
4-fold dilutions of the PCR products are illustrated. In addition, real-time PCR analysis for GATA3 and actin were carried out, and the results
are presented.
clones. Among the four groups of clones, correlation To test this more rigorously, we examined the relation-
ship between IL-4 expression (Figure 7, lower left panel)coefficients (r2) were 0.123 or less. This indicates that
the fitted regression equation explains no more than and GFP expression (Figure 7, lower right panel) at the
initial and subsequent challenges. Slopes were highly12% of the variance in the number of GFP1 cells in the
clones (Draper and Smith, 1981). The rest of the variance positive (0.619 and 0.699) with excellent correlation co-
efficients (r2 5 0.811 and 0.828). Thus, the probabilityis presumably due to other factors and is not explained
by the frequency of IL-41 cells. of GFP and IL-4 expression in individual clones at the
subsequent challenge is very similar to the probability
of GFP and IL-4 expression at the initial challenge. ThisTh2 Clones from IL-4/GFP Mice Show Stability
in Their Relative Expression high degree of stability in the relative expression of IL-4
and GFP was also observed when the clones were reex-of GFP and IL-4
A separate group of clones prepared from IL-4/GFP cells amined after an additional month of growth.
Clonal stability implies that all members of a clonethat had been primed under super Th2 conditions for
3 days and then sorted into the four populations as that have the potential for continued growth will have a
common probability of expressing IL-4 and GFP upondescribed above were evaluated after three rounds of
stimulation for their capacity to produce IL-4 and GFP. restimulation. To test this, we chose a clone (#11 from
Figure 7) that expressed considerably more IL-4-pro-Fifteen clones displaying a wide range of frequencies
of IL-41 and of GFP1 cells were chosen for further study. ducing cells than GFP-producing cells upon stimulation.
The cells from this clone were stimulated with anti-CD3/These clones were propagated for an additional month
with two rounds of intervening restimulation and then anti-CD28 and IL-2, and cells expressing (or failing to
express) IL-4 and/or GFP were isolated. The cells fromreevaluated for IL-4 and GFP expression. Figure 7 (upper
panels) shows the proportion of cells from each of the the four populations were incubated for 5 days in IL-2
and then challenged with anti-CD3/anti-CD28. IL-4 ex-15 clones that were IL-41 and GFP1 at the initial (left)
and subsequent (right) challenges. The overall pattern pression was measured at 6 hr by staining for intracellu-
lar IL-4 content; GFP expression was determined at 24of distribution of the clones in regard to their relative
expression of IL-4 and GFP was very similar at the initial hr. The frequency of IL-4-producing cells in the unsorted
population was 18.6% and ranged from 14.5% to 19.8%and subsequent stimulations, indicating a considerable
degree of clonal stability in the probability that a particu- in the four sorted populations. The frequency of GFP-
producing cells in the unsorted population was 2.6%lar allele will be expressed upon restimulation.
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Figure 6. Clones Derived from Sorted Th2
Cells Have Varying Proportions of IL-4 and
GFP Cells upon Stimulation
IL-4/GFP cells were primed under super Th2
conditions for two rounds and sorted as de-
scribed in Figure 3. Single cells were depos-
ited in wells of 96-well U-bottom plates. The
cells were cultured with anti-CD3/anti-CD28,
APC, and IL-2. After three to four rounds of
stimulation, the clones were evaluated for fre-
quency of IL-4-expressing cells at 6 hr of
stimulation by intracellular staining of fixed
and permeabilized cells and for GFP-express-
ing cells at 24 hr by analysis of live cells.
The mean percent of IL-4-producing cells/
clone were 41/G1, 4.8%; 41/G2, 5.9%; 42/G1,
4.3%; and 42/G2, 4.6%; the mean percent
of GFP-producing cells/clone were 41/G1,
21.6%; 41/G2, 20.0%; 42/G1, 21.5%; and
42/G2, 18.9%.
and, in the sorted populations, ranged from 1.3% to suggesting that limitation in transciption factors might
account for all or part of the phenomenon of monoallelic2.6%. Thus, this clone behaves as a population of cells
with very similar probabilities of expressing the IL-4 or expression. They observed that a cell population that
had been primed through four rounds of stimulation,GFP alleles, independent of the allele that their immedi-
ate progenitors had expressed upon stimulation. when sorted based on the expression of CD2, was not
enriched for cells that expressed CD2 upon recall stimu-
lation, although the CD22 population was to some de-Discussion
gree depleted of cells that expressed CD2 upon recall
stimulation.Strong allelic bias in expression of IL-4 genes has been
reported by Bix and Locksley (1998), studying cell popu- Their data and ours lead us to two conclusions: (1)
the expressed allele(s) of a given cell within a populationlations and clones derived from mice that were heterozy-
gotes of BALB/c with Mus musculus casteneus; the IL-4 upon recall stimulation reflects the probability of expres-
sion of the alternate alleles in the population, rather thancast allele could be distinguished from the IL-4 BALB/c
allele because of a BsgI polymorphism in the first exon. what the individual cell or its progenitor expressed when
last stimulated, and (2) the relative pattern of allelic ex-PCR analysis of Th2-primed cells at limiting dilution sug-
gested that only one of the alleles was transcribed in pression in clones is stable.
This analysis has significance for understanding theindividual cells. An analysis of a small group of Th2
clones showed that approximately half appeared to ex- process that leads to competence for expression of IL-4
as cells are primed to become Th2 cells. Fully differenti-press only the cast or the BALB/c allele and that such
clones were stable. Riviere et al. (1998) analyzed the ated Th2 cells show evidence of changed chromatin
structure in the IL-4 region. Several DNase I hypersensi-expression of alternative IL-4 alleles using a knockin
approach. They replaced the first exon of the IL-4 gene tive sites in and near the IL-4 gene are found in Th2
clones that are absent in Th1 clones (Agarwal and Rao,with a human CD2/neo fusion gene and inserted an SV40
poly(A) site into the 59 portion of the second intron, 1998; Takemoto et al., 1998), and normal cell popula-
tions undergoing Th2 differentiation show acquisition ofallowing them to detect cells that had expressed the
knocked in CD2 gene by cell surface staining. Their a Th2 pattern (Agarwal and Rao, 1998). Similarly, hypo-
methylation of several CpGs in the second intron of theresults were similar to those reported here, in that re-
cently primed cell populations contained cells that ex- IL-4 gene is observed in a Th2 clone but not in a Th1
clone, and this pattern of demethylation is observed aspressed neither, either, or both alleles. They claimed
that the frequency of cells expressing both alleles in- cells differentiate to become Th2s (Bird et al., 1998).
Bird et al. (1998) and Gett and Hodgkin (1998) arguedcreased as the strength of stimulation was increased,
Immunity
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Figure 7. Patterns of IL-4 and GFP in Individual Clones Are Stable
IL-4/GFP cells were primed under super Th2 conditions for 3 days and sorted as described in Figure 3. Single cells were deposited in wells
of 96-well U-bottom plates. The cells were cultured with anti-CD3/anti-CD28, APC, and IL-2. After three to four rounds of stimulation, the
clones were evaluated for frequency of IL-4-expressing cells at 6 hr of stimulation by intracellular staining of fixed and permeabilized cells
and for GFP-expressing cells at 24 hr by analysis of live cells. Fifteen clones were selected. Their IL-4 and GFP expression at that time (initial)
was compared to that observed 1 month later, after two additional rounds of stimulation (subsequent). Clones were numbered sequentially.
that with each cell cycle in the course of Th2 priming first S phase after initial activation. This thesis also does
not easily account for our observation that the entirethere is a low probability that competence to transcribe
an IL-4 allele is acquired. This presumably reflects a population of Th2-primed T cells expresses a particular
allele of the IL-4 gene with a given probability uponchanged accessibility in that IL-4 allele. Such a low prob-
ability would imply that after a small number of divisions recall stimulation. When we analyzed Th2-primed cells
from IL-4/GFP heterozygotes, we observed that sortedmost cells would have opened neither allele, some
would have opened one, others a second, and few would populations of cells that had expressed IL-4 (or GFP)
were no more competent to express that allelic producthave opened both alleles. This would result in monoal-
lelic expression within most IL-4-expressing cells and than were sorted cells that had failed to express IL-4
(or GFP). Furthermore, both the IL-4-producing cells anda pattern of stability since the change resulting in dis-
tinctive expression, gene accessibility, would be herita- the IL-4-nonproducing cells from a recently primed IL-
4/IL-4 donor had similar levels of the principal IL-4-ble. What would be required in this model would be
some mechanism to terminate the process of inducing inducer GATA3 (Zheng and Flavell, 1997; Ouyang et al.,
1998). If we make the assumption that all cells that hadIL-4 gene accessibility, or else all cells should eventually
open both alleles and thus become biallelic. made IL-4, for example, must have been competent to
transcribe IL-4, it would appear reasonable to concludeAlthough this explains many aspects of monoallelic
expression, it is challenged by observations of Richter that the percentage of cells in this population that be-
come IL-41 upon restimulation describes the probabilityet al. (1999) that demonstrate that general competence
for IL-4 transcription is already established during the that cells with an open IL-4 gene will express this cyto-
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kine upon restimulation, taking into account the particu- regulation. Indeed, production of large amounts of IL-4
lar set and amount of transcription factors expressed. or the development of large numbers of IL-4-producing
The finding that sorted cell populations from the same cells could lead to serious life-threatening susceptibility
culture that failed to produce IL-4 gave rise to a similar to anaphylaxis and allergic inflammation. A potential
number of IL-4 producers on subsequent stimulation example is provided by the study of BCL62/2 mice (Dent
suggests that the IL-42 cells, too, were competent to et al., 1997; Ye et al., 1997). BCL6 can act as a transcrip-
produce IL-4. That is, essentially all the cells in a popula- tional repressor of Stat6-induced genes. BCL6 knockout
tion that had been primed to be Th2 cells for only 67 hr mice develop myocarditis and pulmonary vasculitis re-
were competent to express IL-4, although only a minor- sulting in death of many of the animals at 4–6 weeks of
ity of them did so, possibly because of transcription age. The lesions are infiltrated with eosinophils, and
factor limitation. lymphocytes within the affected organs are producing
Although the argument could be made that inefficien- Th2-type cytokines, including IL-4, IL-5, IL-10, and IL-13.
cies in the sorting procedure may partially account for Thus, in the absence of a silencer of IL-4-induced genes,
the failure to see differences in the potential of sorted a serious allergic inflammatory response occurs.
cell populations, we think this most unlikely. Cells Our experience in yet unpublished work (J. H.-L., E.
scored as positive in the affinity matrix procedure have Niblack, N. Hyashi, and W. E. P., unpublished data) is
been clearly shown to be IL-4 positive; similarly, the that the induction of Th2 responses in vivo is very ineffi-
expression of GFP at 24 hr after stimulation is very dra- cient. When TCR transgenic T cells are transferred into
matic. There is some possibility that cells making small nonirradiated syngeneic mice, we find that immunization
amounts of IL-4 or those expressing very limited under Th2 conditions (i.e., antigen plus alum or with
amounts of GFP may have been missed. If they were a incomplete Freund’s adjuvant) results in very few of the
small fraction of the total number of negative cells, it transferred transgenic cells producing IL-4 upon in vitro
should have very little impact on the results. If all the cells challenge with antigen. This may translate into a situa-
are producing small amounts of IL-4 upon stimulation tion in which most exposures to allergenic substances
or expressing very limited amounts of GFP (below our result in priming associated with only the initial degree
detection threshold) it would provide additional support of gene accessibility and thus with a very low probability
for our argument that the acquisition of competence to of IL-4 production. It may well be that only in circum-
transcribe IL-4 alleles is efficient but that the production stances in which extremely powerful Th2 stimulants are
varies from cell to cell. brought to bear, such as in certain helminth infections,
We conclude that there is an early, efficient event that do cell populations acquire the postulated second level
makes all cells in a Th2-primed population competent of chromatin accessibility and thus have a much higher
to express IL-4 with a certain probability. Whether or probability of expressing IL-4 when stimulated.
not an individual cell actually produces IL-4 in response These arguments suggest that allelic bias in expres-
to a particular recall stimulation is determined by as yet sion will prove to be a relatively common event, particu-
unknown molecular events. larly for genes whose products are capable of being
But this cannot be the whole story because it does expressed over a wide range of amounts and especially
not account for the striking variation in the relative num- for those in which high-level expression might be dan-
bers of IL-4- and GFP-expressing cells in individual Th2 gerous. Monoallelic expression has been reported for
clones and the stability that these clones display. This IL-2 (Hollander et al., 1998; Naramura et al., 1998) under
shows that the initial uniform probabilistic accessibility certain circumstances and for the B cell transcription
of both IL-4 alleles in the activated T cells becomes factor Pax 5 (Nutt et al., 1999). We suggest that a wider
divergent in individual cells upon repeated restimulation. survey utilizing techniques that allow the determination
The divergent probabilities of expression of the two al- of expression of individual alleles in single cells will re-
leles are stably, clonally inherited; that is, the increased
veal a much larger range of genes that show allelic bias
fraction of cells that express IL-4 or GFP in some clones
in expression. Indeed, this may be particularly common
reflects a further event in which that allele becomes
for genes whose products mediate important but poten-more accessible. This event is postulated to be relatively
tially dangerous functions.infrequent so that, if it occurs at all, it tends to occur
on only one allele. Alternatively, it is possible that one
of the alleles closes as Th2 differentiation goes on. The Experimental Procedures
significance of different degrees of accessibility of the
Targeting GFP into the IL-4 Genetwo alleles in cells of a clone is that each allele will have
To prepare a targeting construct, an adaptor was cloned betweena distinct probability of being expressed, accounting for
the EcoRI and BamHI sites of pUC19 (New England Biolabs, Beverly,
the varying ratios of IL-41 and GFP1 cells in different MA), eliminating the endogenous EcoRI site and introducing FseI,
clones and the stability of these clones. SfiI, and EcoRI unique restriction sites, in that order. An EcoRI–XbaI
One may ask what the biological significance of mono- 7.7 kb long genomic DNA fragment was isolated from a cosmid of
allelic expression or, perhaps more properly, of allelic an NIH 3T3 genomic DNA library (Stratagene, La Jolla, CA) that had
been subcloned by Jean-Louis Bouley (Laboratory of Immunology,bias is. We have proposed that it initially reflects limita-
NIAID). This fragment comprises 2 kb of the IL-4 promoter, followedtions in transcription factors in the face of limited acces-
by exons 1–3. This fragment was cloned into the EcoRI–XbaI intervalsibility of both alleles followed by a greater degree of
of the modified pUC19. A genomic DNA sequence extending from
accessibility of one of the two alleles. Biologically, this the MfeI site in the proximal part of the IL-4 promoter to immediately
may represent a mechanism to limit the expression of 59 of the first codon of the IL-4 gene was amplified, and unique
potentially dangerous molecules. In the Introduction, PmeI, XhoI, and XmaI restriction sites were introduced at the 39 end
of this fragment. This sequence was inserted into the MfeI–SmaIwe argued that the production of IL-4 is under tight
Immunity
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site of the IL-4 gene, eliminating the first exon and 178 nt of the and anti-IL-12 (10 mg/ml). For conventional Th2 priming, the cells
were primed in the presence of IL-4 (1000 U/ml), and for super Th2first intron. A loxP-flanked neoR gene was cloned at the XhoI site,
and a SmaI–SspI fragment containing the eGFP coding sequence priming, cells were primed in the presence of IL-4, anti-IFNg, and
anti-IL-12. After 3–6 days of priming at 378C/6% CO2, the cells werewith its own poly(A) site (Clontech, Palo Alto, CA) was inserted
at the PmeI site. An XhoI–SalI DNA fragment comprising the HSV washed and recultured in cRPMI. In some experiments, cells were
cultured for two or more additional rounds under priming conditions.thymidine kinase gene was introduced at the SalI site downstream
of the IL-4 sequence. Similar priming conditions were used for single-cell cloning experi-
ments. Briefly, single cells were dispensed by a FACS into individualTo generate the targeted embryonic stem (ES) cell clone, 30 mg
of linearized targeting vector DNA was electroporated into 129 ES wells of 96-well culture dishes. Irradiated APC (2 3 105 to 5 3 105),
antigen, and cytokines were added as described above.cells (E14-1), and G418/gancyclovir double-resistant clones were
screened for homologous recombination events using a PCR
screening strategy (primers c and d), as shown in Figure 1A. PCR- Intracellular Staining
positive clones were further subjected to a Southern analysis to Primed cells were challenged with immobilized anti-CD3 (3 mg/ml)
confirm that homologous recombination had occurred. Five cor- plus anti-CD28 (3 mg/ml) in a 24-well plate at 1 3 106 ml/well. Monen-
rectly targeted clones were identified from a total of 139 independent sin (2 mM) and rhIL-2 (10 U/ml) were added. Six hours later, cells
double-resistant clones. One of these was then used to generate were harvested and fixed with 4% paraformaldehyde for 5 min at
chimeric mice, following the procedure described previously (Nara- 378C. Fixed cells were washed twice with 0.1% BSA in PBS and
mura et al., 1998). To remove the neoR gene from the targeted IL-4 stored at 48C. For staining, cells were incubated with anti-FcgRII/
locus, the chimeric mice were crossed to a C57BL/6 strain (Lakso III (2.4G2) antibody (10 mg/ml for 5 min) and stained with antibodies
et al., 1996) that expresses the cre recombinase in its oocytes. to surface markers and to cytokines for additional 30 min in the
Offspring that deleted the neoR gene from their germline were identi- presence of 0.1% saponin/0.1% BSA in PBS. Cells were washed in
fied by a Southern hybridization analysis (data not shown). Mice 0.1% BSA in PBS and analyzed on a FACSCalibur (Becton-Dickin-
carrying the wild-type IL-4 and/or IL-4/GFP allele were obtained by son, San Jose, CA).
interbreeding and identified by PCR analysis; the IL-4 gene yields
a 688 nt product with primers a and b; the IL-4/GFP gene yields an Detecting IL-4 Secretion with the Cellular
z1600 nt product with primers a and b and an z550 nt product Affinity Matrix Technology
with primers c and b (Figure 1B). The primers used were a, Primed Th2 cells or Th2 clones were stimulated with immobilized
GTCTGAAAGGCCGATTATGG; b, GTTAATCCAAGCAGGACAGAG; anti-CD3/anti-CD28 for 3.5 hr at 378C in a 6% CO2 incubator. Cells
c, GGGATCACTCTCGGCATGGAC; and d, CCACATCACTGAAAG were harvested and washed. IL-4 bound to IL-4 receptors was
ACTTCCTG. blocked with purified anti-IL-4 antibody (BVD6-24G2; 400 mg/ml) for
5 min on ice in 0.5% BSA in PBS. Cells were then washed and
incubated with the anti-CD45-anti-IL-4 (BVD4-1D11) bispecific anti-Culture Medium and Reagents
RPMI 1640 supplemented with 5% fetal bovine serum, L-glutamine body capture matrix (30–50 mg/ml; Miltenyi Biotec, Bergisch Glad-
bach, Germany) for 5 min on ice. At this point, a small aliquot of(2 mM), penicillin (100 U/ml), streptomycin (100 mg/ml), 2-mercapto-
ethanol (0.05 mM), sodium pyruvate (1 mM) (Biofluids/BioSource cells was removed for the “low control” (cells that were kept on ice
with cold buffer only) and “high control” (cells incubated on ice withInternational, Rockville, MD), and rhIL-2 (10 U/ml) (cRPMI) was used
as culture medium. exogenous IL-4 [150 ng/ml]). Low and high controls were washed
after 10 min and kept on ice. The remaining cells (2 3 105 cells/ml)Mouse IL-4 was prepared from a baculovirus expression system
and purified in our laboratory. IL-12 was purchased from R&D Sys- were transferred to warmed cRPMI and placed in a 378C water bath.
After 30 min with gentle mixing every 10 min, cells were washedtems (Minneapolis, MN). Mouse IL-6 was purchased from PeproTech
(Rocky Hill, NJ). Anti-IL-4 (11B11), anti-IFNg (XMG1.2), anti-IL- with cold 0.5% BSA in PBS. Matrix-captured IL-4 was detected with
PE anti-IL-4 (BVD6-24G2; 3 mg/ml, Miltenyi Biotec). Low and high12(C17.8), anti-CD3 (2C11), anti-CD28 (37.51), and anti-FcgRII/III
(2.4G2) were prepared and purified by Harlan Bioproducts for Sci- control groups were also stained with PE anti-IL-4. For further analy-
sis, a small sample of cells was taken, stained with anti-CD4 APC,ence (Indianapolis, Indiana). Fluorescein isothiocyanate (FITC)-rat
anti-mouse B220 (RA3-6B2), FITC-rat anti-mouse I-Ab (AF6-120.1), and PI added to exclude dead cells. Cells were then analyzed on a
FACSCalibur (Manz et al., 1995; Ouyang et al., 2000).FITC-rat anti-mouse CD8 (53-6.7), FITC-anti-CD62L (Mel 14), FITC-
anti-CD4 (RM 4-5), biotinylated 3G11, R-phycoerythrin (PE), anti-
IL-4 (11B11), APC anti-CD4, and streptavidin PE were purchased Purification of IL-4-Producing and GFP-Expressing Cells
from PharMingen (San Diego, CA). TC anti-CD4 (TC-CD4) was pur- For magnetic purification of IL-41 and IL-42 cells, anti-PE mi-
chased from Caltag (Burlingame, CA). Sheep anti-FITC beads were crobeads (Miltenyi Biotec, Bergisch Gladbach, Germany) were
purchased from PerSeptive Biosystems (Framingham, MA). Super- added to cells that had been stained with PE anti-IL-4 for 15 min
natant from an anti-Thy1.2 (H013.49; ATCC, Rockville, MD) hybrid- at 108C. Cells were washed once and passed over a “MOCK” VS1
oma line and Low-Tox-M rabbit complement (Accurate Chemical & MACS column (Miltenyi Biotec), not inserted into the magnetic field,
Scientific Corporation, Westbury, NY) were used to lyse T cells. to remove cells that bound nonspecifically to the column. IL-41 cells
were obtained by three consecutive passes over VS1 columns. Each
time, the retained cells were collected and passed over the nextPreparation of Naive CD41 Cells, Antigen-Presenting Cells,
column. The cells that passed through VS1 columns were also col-and Cell-Priming Conditions
lected, washed, and reapplied to a new column. On the third column,Lymph node cells from GFP/GFP homozygous or GFP/IL-4 hetero-
a 25 gauge needle was attached to the column to restrict the flowzygous mice were stained with FITC antibodies to the cell surface
rate, thus removing any remaining IL-41 cells, yielding highly purifiedmarkers B220, I-Ab, and CD8 for 30 min. Labeled cells were nega-
IL-42 cells. Purity was checked out with a FACSCalibur. IL-41tively selected using anti-FITC-coated magnetic beads. CD4-
(.99%) and IL-42 (.99%) cells were put back in cRPMI on platesenriched cells were washed and layered onto a discontinuous Per-
coated with immobilized anti-CD3 and anti-CD28 for an additionalcoll gradient; small dense cells were collected. Greater than 97%
17 hr. Cells were harvested and stained with APC-anti-CD4 andof these cells were CD41. In some experiments, these cells were
sorted for GFP expression using a FACStar.further purified by sorting for CD4/CD62L- or CD4/CD62L/3G11-
expressing cells. To generate antigen-presenting cells, splenocytes
were treated with anti-Thy1.2 (H013.4) antibody plus Low-Tox M RT-PCR
Total RNA was isolated using TRIzol (GIBCO–BRL) and first strandrabbit complement for 45 min at 378C. Naive CD41 T cells (105/ml)
were cultured with 106/ml irradiated (3000 rads) APC plus anti-CD3 cDNAs made using the SuperScript Preamplification System
(GIBCO–BRL) according to the manufacturer’s protocol. Semiquan-(3 mg/ml), anti-CD28 (3 mg/ml), IL-6 (100 ng/ml), and rhIL-2 (10 U/ml).
For Th1 priming, the cells were also cultured in the presence of titative PCR was carried out in a GeneAmp PCR system 9700 (Perkin-
Elmer) using Platinum PCR SuperMix (GIBCO–BRL) by serial 4-foldanti-IL-4 (10 mg/ml) and IL-12 (10 ng/ml). For Thnull priming, the cells
were primed in the presence of anti-IL-4, anti-IFNg (10 mg/ml), dilution of the cDNA templates. The PCR conditions were 948C for
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15 s, 598C for 30 s, and 728C for 30 s for 30 cycles. PCR products LY49-family genes encoding class-I MHC-specific receptors on NK
cells. Nature 376, 355–358.were analyzed by electrophoresis in a 1.0% agarose gel. Primers
for GATA3 were 59-CTGACTATGAAGAAAGAAGGCATCCAG-39 and Hershey, G.K., Friedrich, M.F., Esswein, L.A., Thomas, M.L., and
59-AAGTAGAAGGGGTCGGAGGAACTCT-39. Primers for b-actin Chatila, T.A. (1997). The association of atopy with a gain-of-function
were 59-GATGACGATATCGCTGCGCTG-39 and 59-GTACGACCA mutation in the alpha subunit of the interleukin-4 receptor. N. Engl.
GAGGCATACAGG-39. Primers for IL-4 were 59-TCGGCATTTTGAAC J. Med. 337, 1720–1725.
GAGGTC-39 and 59-GAAAAGCCCGAAAGAGTCTC-39. Real-time Holgate, S.T. (1999). Genetic and environmental interaction in allergy
PCR analysis utilized an Applied Biosystem ABI Prism 7700 Se- and asthma. J. Allergy Clin. Immunol. 104, 1139–1146.
quence Detection System and was carried out in accord with the
Hollander, G.A., Zuklys, S., Morel, C., Mizoguchi, E., Mobisson, K.,manufacturers instructions. For the quantitation of GATA3 cDNA, the
Simpson, S., Terhorst, C., Wishart, W., Golan, D.E., Bhan, A.K., andforward primer was 59-CCTACCGGGTTCGGATGTAA-39, the reverse
Burakoff, S.J. (1998). Monoallelic expression of the interleukin-2primer was 59-TCCACACACTCCCTGCCTTCT, and the probe se-
locus. Science 27, 2118–2121.quence was 59-AGGCCCAAGGCACGATCCAGC-39. For the quanti-
Lakso, M., Pichel, J.G., Gorman, J.R., Sauer, B., Okamoto, Y., Lee,tation of actin, a predeveloped primer probe set (4310881E; Applied
E., Alt, F.W., and Westphal, H. (1996). Efficient in vivo manipulationBiosystems) was used. The amount of template cDNA used was
of mouse genomic sequences at the zygote stage. Proc. Natl. Acad.5 ng.
Sci. USA 93, 5860–5865.
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